The majority of stars both host planetary systems and evolve into a white dwarf (WD). To understand their post-main-sequence (PMS) planetary system evolution, we present a search for transiting/eclipsing planets and other Substellar Bodies (SBs) around WDs using a sample of 1148 WDs observed by K2. Using transit injections, we estimate the completeness of our search. We place constraints on the occurrence of planets and substellar bodies around white dwarfs as a function of planet radius and orbital period. For short-period (P < 40 days) small objects, from asteroid-sized to 1.5 R ⊕ , these are the strongest constraints known to date. We further constrain the occurrence of hot Jupiters (< 1.5%), habitable zone Earth-sized planets (< 28%), and disintegrating short-period planets (∼ 12%). We blindly recovered all previously known eclipsing objects, providing confidence in our analysis, and make all light curves publicly available.
INTRODUCTION
Most Milky Way stars are orbited by planets (Cassan et al. 2012) and ∼ 95% become a WD (Althaus et al. 2010 ). An average WD has a radius comparable to the Earth. Therefore, an eclipsing Earth-sized planet around a WD has a ∼ 10 4 times larger transit depth than a solar-type star and would be an excellent candidate to observe faint atmospheric features or the first exomoons (Loeb & Maoz 2013) . Furthermore, WDs host a stable (≥ 4 Gyrs) habitable zone (Agol 2011) , have a similar photosynthesis-relevant-wavelength integrated flux and DNA weighted UV dose as the Sun (McCree 1971; Fossati et al. 2014) , thus making them excellent candidates to host habitable planets. Nevertheless, no intact planets around WDs have been found so far (Farihi et al. 2005; Mullally et al. 2006 Mullally et al. , 2008 Kilic et al. 2009; Drake et al. 2010; Faedi et al. 2011; Fulton et al. 2014; Vanderburg et al. 2015; Xu et al. 2015; Sandhaus et al. 2016) . This null detection is in agreement with theoretical simulations of PMS planetary system evolution: the inner planets are destroyed due to tides during the stellar AGBphase (Villaver & Livio 2009; Kunitomo et al. 2011; Mustill & Villaver 2012; Villaver et al. 2014) . The outer planets planets expand their orbits due to stellar mass loss during E-mail: vansluijs@strw.leidenuniv.nl † E-mail: vaneylen@strw.leidenuniv.nl the AGB-phase (see. e.g. Veras et al. 2016a,b) . However, several indirect observations of remnant planetary systems exist. About 25-50% of all WDs have metals in their photosphere (Zuckerman et al. 2003 (Zuckerman et al. , 2010 Koester et al. 2014) . Typical metal sinking time scales are of the order of days to Myrs (Wyatt et al. 2014) , much shorter than the typical WD age, therefore these WDs are called metal polluted. Additionally, about 4.6% of all of the WDs host a debris disk (Wyatt et al. 2014) . The amount of accreted material matches asteroid-sized objects (Xu & Jura 2011; Girven et al. 2012; Farihi et al. 2010 ) and the compostion matches Solar System meteorites and bulk Earth to zeroth order (Jura & Young 2014) . This suggests metal pollution and debris disks originate from material of remnant planetary systems. Thus, a missing link must exist between these observations and planetary system evolution theory. The most common explanation is scattering of asteroids by unseen planet towards the WD (Bonsor et al. 2011; Bonsor & Veras 2015; Debes et al. 2012; Dong et al. 2010; Frewen & Hansen 2014; Payne et al. 2016) . This is supported by simulations showing that AGB-phase stellar mass-loss can cause planets to be perturbed inwards during the WD-phase (Veras & Gaensicke 2014; Payne et al. 2016) . The recent discovery of a disintegrating planet around a WD (Vanderburg et al. 2015) provides additional evidence favoring this scenario. This discovery and the previous arguments suggest short-period SBs around WDs might exist. An opportunity presents itself with the K2 mission (Howell et al. 2014) , which observed photometry of a significant number of WDs. Here, we present a search for new transiting/eclipsing SBs around 1148 WDs observed in the first 13 campaigns of K2. We also determine the recovery rate of transiting objects by injecting artificial transit signals and calculating how many injections were successfully recovered by the transit detection algorithm. Combining the number of transiting/eclipsing SBs and the K2 detection probability allows us to constrain the occurrence of planets and other SBs around these stars. In Section 2, we provide an overview of the K2 WD data set. We explain the adopted methods in Section 3. The results are presented in Section 4 and discussed in Section 5. We draw conclusions in Section 6.
DATA
The dataset used in this work has been collected by the Kepler satellite during campaigns 1-13 of the K2 mission. During these campaigns, many WDs have been observed for various reasons: to detect transiting SBs, to study eclipsing binary stars, to examine magnetic fields, to study WD pulsations and to search for rotational modulation of WDs. Combined, the initial sample of WDs consists of 1610 targets. An overview of included programs is given in Table 1 . Amid these programs a wide diversity of target selection methods exists: some programs only selected spectroscopically confirmed WDs where others used photometric colour and/or reduced proper motion cuts. The latter leads to contamination of the sample by non-WDs with similar photometric and proper motion properties. Secondly, some targets have a main-sequence (MS) companion that contributes a significant fraction of the observed flux. Therefore, the total sample has been cross-correlated with a list of high-probability and confirmed white dwarfs (Hermes et al. 2017) 1 . Lastly, there are a dozen duplicate objects within the sample. In total we counted 364 non-confirmed WDs, 90 composite WDs and 39 duplicates within the initial sample of 1610 WDs. Combined, this reduces the total sample to 1148 WDs. All data files (target pixel files) consist of a time series of images of the target. All initial 1610 targets have been observed with long cadence (30 minutes exposure time). Among these, 374 targets have also been observed with short cadence (1 minute exposure time) of which 309 targets are confirmed, non-composite WDs. Since an Earth-sized planet around an average WD has a transit duration of ∼2 minutes (Agol 2011) , long cadence transits are diluted. Therefore, smaller transiting/eclipsing objects can potentially be detected in the short cadence data.
METHODS
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aims to detects these signals and to evaluate their nature. The initial total sample of 1148 WDs was analysed for this purpose. The amount of SSBs in the data set constrains their occurrence. In Section 3.1, we describe how the pixel target files are converted into light curves. In Section 3.2, we discuss the transit/eclipse detection algorithm, and in Section 3.3, we explain the transit injection procedure, which is necessary to determine the recovery rate of K2 transits. Finally, in Section 3.4 we describe how to combine the transit search with the recovery rate to constrain the transit occurrence.
Conversion of raw data into light curves
To have full control over our analysis and injection pipeline, we start from the raw data, in the form of target pixel files, which can be downloaded from the MAST archive 2 . We then convert the target pixel files into light curves using aperture photometry, and correct for systematic-errors, such as those caused by the pointing jitter in the two-wheel K2 satellite (Howell et al. 2014) . Our pipeline to do this is largely based upon the publicly available pipeline 3 by Van Eylen et al. (2016) and to a lesser extent on other previous research (see e.g. Lund et al. 2015; Vanderburg et al. 2015; SanchisOjeda et al. 2015) . We optimized our pipeline for detection of objects around WDs, and describe its main characteristics here 4 :
(i) Initial flagging: A fraction of the data is flagged using the QUALITY tag 5 available for every pixel target file. This describes when special spacecraft events occurred or when 2 https://archive.stsci.edu/k2/ 3 https://github.com/vincentvaneylen/k2photometry 4 The pipeline is publicly available at https://github.com/ lennartvansluijs/WD-pipeline-K2. 5 More information on the QUALITY tag can be found in the Kepler archive manual http://archive.stsci.edu/kepler/ manuals/archive_manual.pdf the pipeline flagged a phenomenon. Most of these cannot be triggered by a transit/eclipse signal and are removed. Non-removed tags are: 0 (no event noted), 512 (unused bit by Kepler), 2048 (impulsive outlier before co-trending) and 136426 (local detector electronics parity errors). Trial-anderror found the last tag (2048) to flag in-transit data points and therefore is kept. Tag 136426 mostly affects campaigns 2 and 11, but for these campaigns K2 data release notes state the data quality is not adversely affected.
(ii) Aperture photometry: Initially, for the long cadence, irregular apertures are created, starting from the brightest pixel in the concatenated pixel target file and by subsequently adding the brightest neighbouring pixel to the previous aperture, until a maximum of 25 pixels. Using all 25 apertures, the data is reduced in accordance to the description below and the aperture that results in the minimal standard deviation in the flux of the final light curve is chosen as the preferred light curve. For the short cadence observations, the best aperture from the long cadence observations is chosen, because creating 25 apertures for these data is time consuming. For campaigns > 2 background subtraction is performed already by the K2 data reduction pipeline. For earlier campaigns, the background flux is estimated for all images in the pixel target file by the median flux of all pixels outside of the best aperture, and this value is subtracted. Finally, we add all flux within the best aperture for the background-removed images to generate the raw light curve. Any 'inf', 'NaN' or 'zero' values are flagged and the light curve is divided by the median.
(iii) Thruster event removal: Every ∼ 6 h, the K2 satellite fires thrusters to maintain its pointing. These events lead to flux outliers and must be removed. To do this, the center-of-flux is calculated for all images in the pixel target file. The differences between subsequent center-of-fluxes are calculated. For the long cadence two data points around differences larger than 3σ are removed. For the short cadence, where thruster events affect multiple data points, five data points around differences larger than 3.5σ are removed.
(iv) Self-flat-fielding: To separate long-term ≥24 h photometric variations from Kepler's slow drift every ∼ 6.5 h, self-flat-fielding is performed. The data is sliced into parts of ∼ 24 h and binned. A B-spline is fitted to the binned data, with 3σ-outliers flagged to ensure a good fit. Division by the best fit decorrelates for the long-term variations.
(v) Drift correction: Firstly, the data set is sliced into 11 parts (∼ 6.5 days per part), a timescale for which the satellite's drift has been observed to be quite stable along its roll axis. Secondly, for every slice a principal components analysis is performed to change to a coordinate system where the star moves only along the main direction. A fourth degree polynomial as a function of the moving coordinate is fitted to every slice, with 2σ-outliers flagged to ensure a good fit. The fluxes are decorrelated against the moving coordinate by division of the best fit. The processes of self-flat-fielding and drift correction are iterated three times to ensure both converted.
All 1148 long cadence and 309 short cadence systematicerror-corrected light curves have been made publicly available 6 .
The transit detection algorithm
After converting the raw data into light curves, transit/eclipse signals must be found. For the long cadence, transit/eclipse dilution causes these signals to become very boxlike. Therefore, an algorithm optimized to search for boxlike signals is used: the Box-Least-Square (BLS) algorithm (Kovács et al. 2002) . We used a Python implementation of this algorithm 7 . The BLS algorithm folds a light curve for n P periods within the range (P min , P max ), bins the data into n B bins, fits boxes with relative widths within (q min , q max ) and calculates the signal-residue SR(P), the BLS-spectrum. Here n P = 10, 000 and n B = 300 is used, which have sufficient sampling and short computational time. We choose P min = 1 h, well-below the Roche radius for giants ∼ 5 h (Fulton et al. 2014 ). P max is set to half the total campaign length, i.e. approximately 40 days. Finally, we choose q min = 10 −4 and q max = 0.05, corresponding to a 5 h Earth (∼minimal duration) and a 80 d Jupiter (∼maximal duration) around a WD. From the BLS-spectrum, three best candidate periods are selected. The first candidate corresponds to the BLS-spectrum maximum. The second and third candidate correspond to the second and third BLS-spectrum maximums, under the extra condition that they are no harmonics of the best candidate period or each other. Harmonics H are defined as periods P for which {H : P n , P n−1 , ..., P, ..., (n − 1)P, nP ∈ (H − H∆H, H + H∆H)}. Here ∆H = 2% and n = 11 are used to ensure candidate periods are not degenerate, but not to exclude other periods. An overview figure is generated containing the unfolded systematic-error reduced light curve, the BLS-spectrum and three folded systematic-error reduced light curves. All 1148 targets were manually inspected for transit/eclipse signals. Those with large signal-residues for the candidate periods were inspected with extra care, since leftover correlation due to Kepler's pointing jitter can also induce large signalresidues. Furthermore, all targets were inspected for contaminant stars, especially for those where an eclipse/transit signal is detected: these targets were additionally reduced using manually defined apertures encircling only the target star, to ensure the signal does not originate from a nearby field star.
Transit injection
The observed occurrence equals the number of SSBs n over the total sample size N. However, this is not the true occurrence: not all SSBs cause an eclipse/transit or are recovered by Kepler. The true occurrence equals n/N where N is the effective sample size defined as
where p tra is the transit probability, p det the detection efficiency (sometimes referred to as coverage or completeness), P the orbital period and R p the SB radius. The transit probability is fully constrained by the geometry and equals
where R WD is the WD radius and a the orbital semi-major axis. a is determined from Kepler's third law assuming a WD mass of 0.6 M and radius 0.012 R (following Fulton et al. 2014) . The detection efficiency depends on both the data quality and the data reduction and is therefore hard to theorize. It can be empirically determined using transit injection. This method injects an artificial transit/eclipse signal into the raw light curve for a given period and SB radius. We use the Mandel and Agol model (Mandel & Agol 2002) and inject transit signals just before systematic-error-correction (in between step (ii) and (iii) of Section 3.1). If the right period or an harmonic is recovered, one assumes the same would hold for a real transit/eclipse signal. Firstly, the (P, R p )-plane is divided into 35 tiles by a grid of 5 logarithmically-equally spaced periods between 1h − 40d and 7 logarithmically-equally spaced radii between 0.125 -16 R ⊕ . For all injections, a WD of 0.6 M and radius 0.012 R is assumed again. The ellipticity is assumed to be zero, since strong tides are theorized to circularize SB orbits (Nordhaus & Spiegel 2012; Mustill et al. 2013) . The period and planet radius per injection are picked randomly within the tile range. The impact parameter b is chosen uniformly within the transit range (0, b max ) where
For each injection, we pick a random data file from our sample, and we choose a random transit epoch. Many injections per tile must be performed for the detection efficiency to converge to a mean value: 250 injections/square are performed for the long cadence and 110 injections/square for the short cadence, where the computation time is much longer. To ensure the detection efficiency truly represents the K2 detection efficiency for a mixed sample of authentic WDs, injections have been performed only in the sample of 1148 confirmed WDs of which 309 were also observed in short cadence. The detection efficiency equals the recovered injections over the total injections per tile.
Constraining the occurrence
The SSB detection or null-detection combined with the effective sample size constrains the occurrence. A method similar to Faedi et al. (2011) is used here. Define the fraction of WDs with a SB of radius R p ), at period P as f (P, R p ). The probability of finding n SSBs in a sample of N WDs, assuming all SSBs are detectable, is given by a Binominal probability distribution (see e.g. Burgasser et al. 2002; McCarthy & Zuckerman 2004 )
Not all planets are detectable and N must be replaced by the effective sample size N . In the general case of nonzero detections, the occurrence is constrained to the interval ( f min , f max ) at a confidence level C when satisfying
where (1+ N ) −1 is a normalization factor. In the special case of a null detection n = 0 and f min = 0
which can be solved for f max ,
calculating the maximum occurrence f max at a confidence level C for a null detection. Since the short cadence data has a better detection efficiency than the long cadence, the best effective sample size is the combined long cadence and short cadence effective sample size defined as
This can be plugged into Equations 5 or 7 to calculate the occurrence constraints similarly.
RESULTS
The results are composed of three main components: Firstly, Section 4.1 gives the final list of detected eclipsing/transiting SSBs. Secondly, Section 4.2 discusses the transit injection results. Finally, Section 4.3 presents the occurrence constraints.
Detected eclipsing/transiting SSBs
In total, 10 eclipsing/transiting SSBs have been detected, of which 4 were also observed in short cadence. An overview of the folded light curves is shown in Figure 1 . Many of these eclipsing/transiting objects were already known pre-K2 and selected to be re-observed by K2 to study their properties in more detail. All others were discovered earlier in K2 campaigns. All previously known eclipsing/transiting SSBs detectable in the K2 data sample have been blindly re-obtained, adding confidence to the null detection of new SBs. The disintegrating planet discovered by Vanderburg et al. (2015) , EPIC 201563164, is re-obtained. EPIC 201649211 and 210659779 are both spectroscopically confirmed WD-WD binary systems (see e.g. Girven et al. 2012; Silvotti et al. 2012) and EPIC 201371836, 211934173, 246002682 and 251455483 are all spectroscopically confirmed M dwarf-WD binary systems (see e.g. Silvestri et al. 2006; Heller et al. 2009; Rebassa-Mansergas et al. 2009 ). Recently, EPIC 201283111 was tentatively concluded to be the shortestperiod pre-Cataclysmic-Variable star known today (Rappaport et al. 2017; Parsons et al. 2017) . Parsons et al. (2017) additionally present EPIC 248368963, likely a WD-brown dwarf binary, but due to dilution of the eclipse there is only slight evidence of an eclipse in the K2 data. Such objects are not recovered by our transit injection algorithm and therefore this object has not been included in our list here. EPIC 210605073 was a proposed WD candidate, but a recent photometric analysis suggests the star is (contaminated with) an F0 companion (Adams et al. 2016) . The companion may not be a planet: it likely has a significant volatile component, Roche-lobe overflow and/or photo-evaporative mass loss (Adams et al. 2016) . The same presumably applies to the previously observed companion around EPIC 229228483 (Kleinman et al. 2004 ).
Transit injection results
The detection efficiency for the long cadence and short cadence are shown in Figure 2 . The error bars indicate the error due to a finite amount of injections and are calculated with bootstrap re-sampling. Bootstrap re-sampling draws n observations with replacement from the original series to create a bootstrap re-sampled series {P * i } j used to determine the re-sampled detection efficiency p * det,j . This process is iterated B = 10, 000 times and outputs a bootstrap resampled detection efficiency distribution p * det,1 , ..., p * det,B
. The standard deviation σ of this distribution measures the error due to a finite amount of injections. The short cadence errors are larger due to less injections. Large periods have fewer observed transits and smaller SBs have smaller transit depths, causing a lower detection probability. For the long cadence, objects bigger than 1 R ⊕ for periods < 16 h are more often recovered than not recovered.
Smaller SBs can be detected in the short cadence data. For the short cadence, objects bigger than 0.5 R ⊕ for periods < 16 h are more often recovered than not recovered. Outside these ranges recovery rates are much lower, but still some injections are recovered. This reflects the diversity of the data quality and data reduction in the sample of WDs observed by K2. Overall, Figure 2 shows that K2 is an excellent survey when searching for transiting SSBs around WDs, with the potential of detecting (sub-)Earth-sized planets around WDs.
The occurrence constraints
No non-disintegrating planets and other SBs have been found, therefore Equation 7 is used to constrain their occurrence. Figure 3 presents the occurrence constraints, using the combined long and short cadence effective sample size. The error bars are the propagated transit probability and detection probability errors due to the finite transit injections. Using the basic rule of error propagation
)∆x i the error on the effective sample size equals
Combining the long and short cadence (see Equation 9 ) maximum occurrence equals
These errors are much smaller than the differences between the two confidence intervals. Equivalently, the finite WD sample size dominantly constrains the maximum occurrence and not the transit injections. Since the transit injection errors are negligible, the errors are dropped from this point. The rest of this work discusses the 95%-confidence interval limits, but the 68%-confidence interval limits are mentioned within brackets. figure, show the 68%-interval and a 95%-confidence interval. A WD with a mass of 0.6 M and a radius of 0.012 R is implicitly assumed. The error bars have been calculated by propagating the finite injection errors of the detection probability and average transit probability. Periods and planet radii are logarithmically-equally-spaced. Radii of some solar-system objects are indicated as a comparison.
We further investigate the occurrence rate of planets in the habitable zone. Agol (2011) defined the Continuous Habitable Zone (CHZ), i.e. the region around an average WD where liquid water is sustainable for > 4 Gyrs around a WD with mass 0.6 M and radius 0.01 R , close to our radius of 0.012 R , as having P = 4 − 32 d, or a semi-major axis a = 0.005 − 0.02 au. We calculate occurrence constraints by selecting only injections within this period range and show the result in Figure 4 . In contrast to the non-disintegrating SB null detection, one 95%-confidence 68%-confidence Figure 4 . The maximum non-disintegrating SB occurrence around WDs in the CHZ for the combined long and short cadence for a 95%-and 68%-confidence interval. A WD with a mass of 0.6 M and a radius of 0.012 R is implicitly assumed. The error bars have been calculated by propagating the finite injection errors of the detection probability and average transit probability. Planet radii are logarithmically-equally-spaced.
detected disintegrating planet exists. Assuming all disintegrating planets have similar transit signals, occurrence constraints can be derived, as done previously by Vanderburg et al. (2015) . The transit probability is estimated p tra 0.02 (Vanderburg et al. 2015) . The detection probability is assumed equal to that of a non-disintegrating body transit with a similar transit depth: p det,LC 30% for the long cadence and p det,SC 57% for the short cadence. Using these numbers to calculate the effective sample size, a disintegrating planet occurrence of ∼ 12% is found. To calculate the confidence interval in the general case, Equation 7 is not valid. Instead a Jeffreys interval is used, because its property of being equally-tailed. The obtained 95%-and respectively 68%-confidence intervals are {1%, 45%} and {5%, 28%}.
DISCUSSION
In Section 5.1, the occurrence constraints are compared to previous research which used surveys other than K2. In Section 5.2, the WD occurrence is compared to the MS occurrence. In Section 5.3, the results are discussed in context with PMS planetary system evolution. Lastly, in Section 5.4 we highlight the caveats and important assumptions of this work.
Comparison with previous surveys
The first attempt to constrain the non-disintegrating SBs occurrence around WDs used data from the Wide Angle Search for Planets (WASP) project (Pollacco et al. 2006) to detect eclipsing SBs (Faedi et al. 2011 ). They used a smaller WD sample (194) and WASP has a lower sensitivity than K2. Consequently, strong constraints were derived only for short-period gas giants, which occur among < 10% of all WDs. The results presented here provide stronger constraints for the full parameter space that was covered.
More recently, the Panoramic Survey Telescope And Rapid Response System (Pan-STARRS) data searched for eclipses around WDs (Fulton et al. 2014 ). They used a larger WD sample (∼1718 WDs) and Pan-STARSS has equal or better detection probability than K2 for radii ≥ 2R ⊕ for the whole range for which they derived constraints (0.01 − 0.04 au). Accordingly, they constrained the maximum occurrence of hot Jupiters around WDs (10−20 R ⊕ in between 0.01−0.04 au) to be ≤ 0.5%, which is a stronger limit than what is presented here. On the other hand, K2 provides stronger constraints for radii ≤ 2 R ⊕ , particularly for R ≤ 1.5 R ⊕ , which are hardly covered by the ground-based Pan-STARRS survey. K2 most likely has stronger constraints than Pan-STARRS for > 0.04 au (outside of the range for which Fulton et al. (2014) derived constraints), but the low transit probabilities for WDs make it hard to probe this part of the parameter space even with K2.
Comparison with MS planetary systems
To compare the WD planetary system architecture to that of MS stars the limits in Figure 3 are divided into the more familiar MS classes: hot Jupiters, hot (super-)Earths and habitable-zone (super-)Earths. This is motivated by other studies which showed similarities between MS planetary systems and scaled-down versions of low-mass M-dwarfs planetary systems, the Jupiter-moon system (Muirhead et al. 2012) , our solar system and exoplanetary systems around more massive stars (Fulton et al. 2014) . Additionally, the classes of habitable-zone giants and sub-Earth-sized objects are added. The inner boundary of the CHZ is estimated as 0.005 au (∼ 4 h), 'hot' Jupiters and (super-)Earths are defined to orbit within this boundary. Altogether, the classification adopted in this work is summarized by Table 2 . Our results constrain the occurrence of hot Jupiters ≤ 1.5% (0.6%), which implies hot Jupiters are rare or nonexisting. This is supported by the strong constraints on hot Jupiters by WASP and Pan-STARRS (Faedi et al. 2011; Fulton et al. 2014) , and similar or lower than the the occurrence of hot Jupiters around MS stars, which is estimated as 0.3-1.5% (e.g. Marcy et al. 2005; Gould et al. 2006; Cumming et al. 2008; Howard et al. 2010; Mayor et al. 2011; Wright et al. 2012) . Hot (super-)Earths of 1-2 R ⊕ occur among ≤ 9.8% (3.8%) of all WDs and for 0.5-1 R ⊕ among ≤ 18% (7.5%) of all WDs. The occurrence of MS close-in hot (super-)Earths is estimated as 23% (Howard et al. 2010) , so that hot (super-)Earths around WDs are likely rarer than around MS stars. Habitable zone (super-)Earths of 1-2 R ⊕ occur among ≤ 27.5% (11.5%) of all WDs and for 0.5-1 R ⊕ among ≤ 46.3% (21.1%). Therefore their occurrence is similar or less than their occurrence around MS stars of ∼22% (Petigura et al. 2013) . Ice giants 2 − 4 R ⊕ in the HZ are constrained to occur ≤ 17.0% (6.8%) and gas giants are constrained to occur ≤ 5.0% (1.9%). Small transit probabilities, shorter transit durations and smaller transit depths make non-disintegrating SBs around MS stars ≤ 0.5 R ⊕ almost undetectable. In contrast to MS stars, K2 can constrain these objects around WDs. In the 'hot' -regime 0.5 − 1 R ⊕ occur among ≤ 18.4% (7.5%) of all WDs and for 0.25 − 0.5 R ⊕ occur ≤ 39% (17%). Even 0.125 − 0.25 R ⊕ non-disintegrating SBs can be constrained to occur among ≤ 50% (23%) all WDs.
Occurrence constraints in context with PMS planetary system evolution
The inner planets close to the host star are dragged inwards during the AGB-phase due to tidal interactions and are destroyed (see e.g. Voyatzis et al. 2013) . K2 can usefully constrain SBs up to ∼ 0.1 au. This is well within the region where both gas giants and terrestrial planets are theorized to be destroyed (Mustill & Villaver 2012) . Unless another mechanism exists to migrate outer SBs inwards again, a null detection is thus in good agreement with the theory. Furthermore, the Roche radius for gas giants around WDs is estimated as L R = 0.01 au (Fulton et al. 2014) . Since L R > 0.005 au, the outer boundary for the 'hot' regime, it seems unlikely the analogy of MS hot Jupiters around WDs are sustainable. The outer planets are less effected by tides and expand their orbits due to the stellar mass loss during the AGB-phase (see e.g. Veras et al. 2016a,b) . After the AGB-phase dynamical instabilities can perturb planets (Veras & Gaensicke 2014) or exomoons (Payne et al. 2016 ) inwards into the region ≤ 0.1 au from the WD, the region covered by K2. However, if these SBs remain there just briefly, the probability of detecting one decreases dramatically. Simulation show liberated exomoons orbit within 0.1 au a fraction of ∼ 10 −3 of the full simulation lifetime (Payne et al. 2016 , Figure 3 ). Rigorously assuming all WDs have liberated moons, their occurrence would be ∼0.1 %, much lower than the limits derived here. The occurrence constraints for larger objects are stronger, but these objects are less likely to orbit close to the WD for a long time (Payne et al. 2016 , Figure 3 ). Nonetheless, these simulations did not take tidal circulization into account (Veras & Gaensicke 2014; Payne et al. 2016) . Tidal circulization around WDs is theorized to occur similarly to MS stars (Mustill et al. 2013 ). This implies tidal interactions arise from the deformation of the planet rather than the WD. Both Veras & Gaensicke (2014) and Payne et al. (2016) neglected the interior structure of the planets, for it would complicate their simulations enormously. If tidal circulization successfully stabilizes perturbed planets it could greatly increase the prospects of detecting them. The estimated disintegrating planet occurrence (∼ 12% within {1%, 45%} at 95%-confidence) is most-likely smaller than the fraction of metal polluted WDs of 25-50% (Cassan et al. 2012) . This suggests about half of the metal polluted WDs do not host a disintegrating planet. It remains difficult to interpret these results: the SBs fuelling metal pollution might have been fully disintegrated already, smaller undetectable asteroids may account for the metal pollution or debris disks may fuel the metal pollution instead. Nonetheless, we can conclude disintegrating objects around WDs are most-likely rarer than initially estimated by Vanderburg et al. (2015) , due to a larger observed sample with no new such objects detected.
Caveats and important assumptions
The results presented in Figures 2, 3 and 4 are limited by both our data and necessary assumptions. We highlight the caveats and important assumptions of this work:
• The sample size: The size of a WD causes transit probabilities to be much lower for WDs than for MS stars. Therefore, the sample size is the main limiting factor for the occurrence constraints. With only a few more K2 campaigns remaining, the total number of WDs observed by the satellite will not increase dramatically. For the radii larger than 2 R ⊕ Kepler has a similar detection probability as Pan-STARRS (Fulton et al. 2014) . However, since Pan-STARRS has a larger sample size, K2 is outperformed by Pan-STARRS for this part of the parameter space.
• Transit probabilities: the probability for an eclipse rapidly decreases as a function of distance to the star. Therefore, periods > 10 d are poorly constrained, even though K2 has longer campaign durations of ∼ 80 d.
• K2 data quality and sensitivity: the smallest SBs are poorly constrained due to low detection probability of K2. Nevertheless, as discussed in Section 5.1, K2 has better detection probability than all currently operating surveys for radii < 1.5R ⊕ , with some constraints available even for objects as small as 0.125R ⊕ .
• WD parameters during the transit injection: a WD of mass 0.6 M and radius 0.012 R was assumed for all transit injections. The vast majority of WDs have parameters close to these, although a small fraction spans a wider range (Tremblay et al. 2016) .
• WD contaminant stars: In many cases, WDs are faint stars (for the K2 sample, the median magnitude is K p = 18.6), which nearby bright stars may contaminate the light curves and lower the true sensitivity. To mitigate this, WDs with known dM companions were excluded, and pixel files were visually inspected for companion stars.
• Disintegrating planet occurrence constraints: We assumed other disintegrating planets have similar transit signals as EPIC 201563164. However, follow-up observations show the transit depth is highly variable, most-likely due to events of extra dust production by irregular fragmentation of the parent body Gänsicke et al. (2016) ; Gary et al. (2016) . Therefore, we are much more sensitive to disintegrating planets during their active stages compared to their quiescent stages. Additionally, it was assumed the detection efficiency equals that of a non-disintegrating body transit with a similar transit depth. However, their transit signal shapes differ, because of the large dust tail of a disintegrating planet. Therefore, we emphasize taking into account disintegrating planets varying activity levels and proper modelling and injection of their light curves and is most-likely necessary to derive more accurate constraints for disintegrating objects around WDs.
CONCLUSIONS
There is still a lot to learn about the ultimate fate of planetary systems and more observations are favourable. This research analysed 1148 high-probability WDs observed by K2. The WD images were converted into light curves using a new pipeline optimized for WDs observed by K2. A BLS detection algorithm was used to detect transiting/eclipsing objects around the WDs. Ten eclipsing objects were found: the one known disintegrating planet and nine likely stellar objects. From the null detection of new SBs and transit injections, upper limits on the occurrence of planets and SBs were calculated as a function of radius and orbital period. The primary conclusions of this work are:
• At short orbital periods (< 40 days), we can constrain the occurrence of small objects around WDs, outperforming previous constraints for asteroid-sized objects up to 1.5 R ⊕ .
• In line with theoretical predictions, hot Jupiters are rare or non-existing and occur among < 1.5% of all WDs.
• The occurrence of habitable Earth-sized planets (1 − 2 R ⊕ ) around WDs is < 28%, approximately equal or less than their MS occurrence.
• The disintegrating planet occurrence is estimated as ∼ 12%, which is lower than the estimated fraction of metal polluted WDs. However, detailed light curve modelling and taking varying activity levels into account is most-likely necessary to derive more accurate constraints.
• The data reduction and the transit/eclipse detection algorithm used in this work, specifically optimized for WDs observed by K2, successfully retrieved all of the previously known eclipsing objects blindly, adding confidence to the observed null detection of other SBs. The light curves are publicly available.
Further constraining the occurrence of objects orbiting WDs would require larger samples, and any discovery of transiting planets or SBs would be of great interest, because the small size of WDs makes transits ideally suited for e.g. the search for exomoons or atmospheric follow-up studies. More transiting WDs may be detected with the Large Synoptic Survey Telescope (LSST Science Collaboration et al. 2009), TESS (Ricker et al. 2014; Raddi et al. 2017) , PLATO (Rauer et al. 2014) , NGTS (Wheatley et al. 2013) , and Evryscope (Law et al. 2015) .
